Abscisic acid accumulates in detached, wilted leaves of Xanthium strumarium. When these leaves are subsequently rehydrated, phaseic acid, a catabolite of abscisic acid, accumulates. Analysis by ps chromatography-mass spectrometry of phaseic acid isolated from stressed and subsequently rehydrated leaves placed in an atmosphere containing 20% I802 and 80% N2 indicates that one atom of "0 is incorporated in the 6'-hydroxymethyl group of phaseic acid. This suggests that the enzyme that converts abscisic acid to phaseic acid is an oxygenase.
Little is known about the biosynthetic pathway ofABA, except that as a sesquiterpenoid, ABA is ultimately derived from MVA.2 When radioactive MVA was applied to higher plant tissues, the percentage of incorporation into ABA was always very low, and no intermediates have ever been isolated. Some controversy exists as to whether ABA is synthesized from a C-15 precursor, presumably farnesyl pyrophosphate (the direct pathway), or results from the degradation of a C-40 precursor (the indirect pathway), such as the xanthophyll violaxanthin (6) . It is known that the stereochemistry of protons in ABA derived from MVA is identical to that found in carotenoids and it should be noted that the terminal ring structure of certain xanthophylls is similar to ABA (6) .
Oxygen incorporation into carotenes to form xanthophylls is a late step in carotenoid biosynthesis occurring after ring formation. The oxygen atoms in the hydroxyl groups of lutein and the epoxide groups of antheraxanthin and violaxanthin are derived from molecular oxygen (12, 13) . The keto group of spheroidenone also comes from molecular oxygen (8) . By analogy with xanthophyll biosynthesis, if ABA is derived from farnesyl pyrophosphate, incorporation of oxygen at the 1'-and 4'-car- ' Supported by the United States Department of Energy under Contract DE-AC02-76ERO-1 338.
2Abbreviations: MVA, mevalonic acid; PA, phaseic acid; ABA-GE, fl-D-glucopyranosyl abscisate; GC-SIM, gas chromatography-selected ion monitoring; m/z, mass/charge.
bons of the ABA molecule should be a late step in the pathway, the oxygens being derived from molecular oxygen.
With respect to ABA catabolism, Gillard and Walton (2) (15) . Samples were dissolved in ethyl acetate and analysis was done on a Durabond DB-l (J & W Scientific, Inc., Rancho Cordova, CA) gas capillary column (30 m x 0.32 mm x 0.25 Mm). GLC conditions were: oven temperature 165C, H2 carrier flow 10 ml/ min, split ratio 5:1; argon-methane (95:5) was used as make-up gas and had a flow at the detector of 80 ml/min.
To determine if exchange from the 4'-keto group of ABA occurred during the extraction and purification process, a leaf sample with added 4'-'8O-ABA was extracted and purified as described above.
Mass Spectrometry. Mass spectra were obtained with a Hewlett-Packard 5985 quadrupole mass spectrometer connected to a 5840A gas chromatograph. GLC conditions were: 3% SE-30 on 100 to 200 mesh Gas Chrom Q in a silanized glass column (180 x 0.2 cm) held isothermally at 205°C for the methyl ester of PA, and temperature programmed from 185 to 240°C at 5C/min for the methyl ester of ABA with a He flow rate of 30 ml/min. The ionizing potential was 70 ev. The extent of exchange of the 4'-keto group during the extraction and purification procedure was determined by monitoring m/z 190 (base peak of ABA) and m/z 192 (base peak of 4 '-80-ABA) by GC-SIM (dwell time for each ion was 400 ms). GLC conditions were as described above for ABA.
Analysis of air samples present around leaves during incubation in Erlenmeyer flasks was performed with a Varian-Mat GD-150 magnetic sector mass spectrometer.
RESULTS AND DISCUSSION
The ABA level in stressed and subsequently rehydrated leaves incubated in room air declined and PA accumulated (Table I) . By contrast, when stressed and subsequently rehydrated leaves were incubated in N2, the ABA level remained high, and PA did not accumulate. The accumulation of ABA-GE did not appear to be greatly affected by anaerobic conditions. However, little ABA-GE accumulates in Xanthium leaves that have been stressed and subsequently rehydrated (16) . The possibility remains that anoxia did not affect ABA catabolism directly, but rather indirectly via an effect on cell metabolism. GC-MS analysis of PA isolated from rehydrated leaves incubated in an atmosphere of 20% 1R02 and 80% N2 showed a new molecular ion at m/z 296 compared with a molecular ion of m/z 294 for PA from rehydrated leaves incubated in room air. This indicates the incorporation of one atom of 180 into the PA molecules (Fig. 1) . The presence of m/z 294 in the mass spectrum of PA isolated from leaves incubated with 1802 (Fig. 1B) is due to PA already present in turgid leaves and to PA synthesized during the stress portion of the experiment (15, 16) . is not shifted. These data support the conclusion (2) that ABA hydroxylating enzyme is an oxygenase and are consistent with Gillett's rule (3) that biological hydroxylation of a methyl group involves the direct participation of molecular oxygen. ABA levels in stressed leaves of X. strumarium increased, and the vacuum-flush treatment had no effect on accumulation of ABA (Table II) . On the other hand, accumulation of ABA in stressed leaves was inhibited by anoxia. However, as with the PA results (see above), one cannot rule out that anoxia had only an indirect effect on ABA biosynthesis. GC-MS analysis of ABA from leaves incubated in an atmosphere of 16% 1802, 4% 1602, and 80% N2 shows a new molecular ion at m/z 280 compared with the molecular ion (m/z 278) found with ABA from leaves incubated in room air (Fig. 2) . This indicates that only one atom of ' Figure 2B . Exchange of oxygen from the 1 '-hydroxyl group of ABA with oxygen present in water during sample extraction is highly unlikely, since it was necessary to use synthetic methods to introduce '80 in the 1 '-hydroxyl group (4) . It is also unlikely that the oxygen from the 4'-keto group or 1-carboxyl group exchanged with the oxygen in water, since synthesis of ABA containing 18' in the carboxyl group or the keto group required strongly alkaline conditions and heat (4) . Conditions used in the present experiment for the isolation of ABA were weakly acidic, and do not appear to cause exchange (17) . However, when ABA was placed in H2180 with 1% (v/v) acetic acid for 2.5 d one atom of 'IO was exchanged into the 4'-keto group of ABA, as determined by analysis of the fragmentation pattern (data not shown). Thus, it is possible that the keto group exchanged out during the extraction process. To determine if this was indeed the case, a small amount of 4'-'8O-ABA was added to a Xanthium leaf sample and the sample was extracted and purified as described above.
At the same time, an equal amount of 4'-'8O-ABA was stored in a refrigerator, termed hereafter stored aliquot. After purification, the tissue sample was brought up to a final volume of 20 gl, as was the stored aliquot. Equal amounts of the extract and the stored aliquot were analyzed by GC-MS and m/z 192 was monitored by GC-SIM. The SIM response of the tissue and the stored aliquot were comparable, indicating that little or no exchange had occurred during extraction and purification. We conclude therefore that no 18' was incorporated into the 4'-keto-group of ABA under our experimental conditions.
The fact that only one '8O atom appeared in the carboxyl group of ABA that accumulates in water-stressed leaves is unexpected. Based on the strong similarities between ABA and carotenoids, we expected that the 4'-keto and '-hydroxyl groups would contain '80. Since they remain unlabeled, the oxygen atoms in the 4'-keto and 1'-hydroxyl groups must either (a) come We believe that the data presented here are in accord with the indirect pathway, although the existence of two separate, independent pathways, one operating in turgid and a different one in water-stressed leaves, cannot be ruled out. Xanthoxin, a degradation product of violaxanthin (9) , is endogenous to higher plants (1, 14 Neill et al. (7) have isolated 1 '-deoxy-ABA from Cercospora rosicola and have shown that it is the immediate precursor of ABA in this fungus. There is no evidence, however, that 1'-deoxy-ABA is endogenous in higher plants. GC-SIM analysis of 1 '-deoxy-ABA extracted from Vicia faba (the only plant tested which appears to convert 1 '-deoxy-ABA to ABA) cuttings fed 2H-a-ionylidene acetic acid showed that 1'-deoxy-ABA was 100% labeled, i.e. all the extracted 1'-deoxy-ABA was synthesized from the applied a-ionylidene acetic acid (7) . This implies that either 1 '-deoxy-ABA is not endogenous to V. faba, or that it is present in a small pool rapidly turning over. Furthermore, Lehmann and Schutte (5) observed that when a-ionylidene acetic acid was fed to barley plants, it was converted to 1'-deoxy-ABA and conjugates, but not to ABA. Our data also indicate that 1'-deoxy-ABA is not the immediate precursor of ABA in higher plants, unless the oxygen present in the 1'-hydroxyl group is derived from water rather than from molecular oxygen.
In conclusion, we have demonstrated that when stressed and subsequently rehydrated Xanthium leaves are incubated in an atmosphere containing 1802, one atom of 180 is found in the 6'-hydroxymethyl group of PA, confirming that ABA hydroxylating enzyme is an oxygenase. When stressed Xanthium leaves are incubated in an atmosphere containing 1802, one atom of '80 is found in the carboxyl group of ABA. This implies that either the oxygens in the 1 '-hydroxyl group, 4'-keto group, and one of the two oxygens in the 1-carboxyl group come from water, or a stored precursor exists with oxygen atoms already present at the 1'-and 4'-positions, and possibly the 1-position.
Note Added in Proof. Since this work was completed, we have learned of similar 1802 labeling experiments with the fungus Cercospora rosicola. In this case, ABA contained four 180 atoms when the fungus was cultured over a 48-h period under an atmosphere containing 20% 1802 (R. Horgan and D. C. Walton, personal communications). 
